INTRODUCTION
In 1948 the Mayak nuclear facility, which is located in the town of Ozyorsk in the Chelyabinsk region of the Russian Federation, began to produce plutonium for the former Soviet Union's nuclear weapons program. Workers at the facility were exposed to radiation from both external sources and inhaled plutonium, with doses that were much higher than those from similar operations in other countries, especially during the early period of operations (1948) (1949) (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) . Thus, study of these workers offers a unique opportunity to evaluate health effects from both protracted external exposure and to plutonium, which is the focus of this article. Because inhalation is the exposure route of greatest concern, lung cancer is perhaps the most serious consequence of plutonium exposure. Lung cancer risks in Mayak workers have been most recently studied by Sokolnikov et al. (1) . The analyses in this study make use of five additional years of follow-up (through 2008) and improved plutonium and external dose estimates to evaluate the relative risk as a function of plutonium and external doses, as well as other factors. Special attention is given to the nature of the joint effect of plutonium exposure and smoking, to the shape of the plutonium dose-response function and to the impact of changes in the plutonium dosimetry system.
A major objective of the paper is to provide the models that are needed for plutonium risk assessment. Plutonium exposure remains of concern due to occupational exposure from plutonium production, nuclear fuel reprocessing and cleanup operations, and because exposure to the general public might occur from reactor accidents, nuclear wastes and space accidents.
MATERIALS AND METHODS
This record-based epidemiological study required no contact with the cohort members. The project was reviewed and approved by the Institutional Review Board of the Southern Urals Biophysics Institute.
The Study Population and Follow-Up
The Mayak worker cohort (MWC) was established in the 1980s and currently includes 25,757 workers hired during the period from 1948-1982 in one of the main plants (nuclear reactors, radiochemical plant, plutonium production facility) or in auxiliary plants involved with water treatment or mechanical repair. Workers in the radiochemical and plutonium production facilities had potential for plutonium exposure. Information on vital status and cause of death has been obtained from address bureaus that maintain records on current vital status, and date and place of migration and death. In the past these address bureaus, located in Ozyorsk and throughout Russia, could be used to trace workers who left Ozyorsk. Recently, however, new privacy laws in Russia have made it difficult to obtain vital status information for workers who have migrated from Ozyorsk. Thus, in our current analyses, workers known to have migrated and also known to be alive on December 31, 2003 were treated as lost-to-follow up on this date: that is, for these workers, person-years and deaths occurring after 2003 were not included in our analyses. Additional detail on the characteristics of the Mayak cohort and methods of follow-up can be found elsewhere (2, 3) .
Dosimetry
Analyses are based on estimates of individual annual external and internal (plutonium) doses to the lung from the Mayak Worker Dosimetry System 2008 (MWDS-2008) that was developed as a collaborative effort of Russian and U.S. dosimetrists. Film badge dosimeter readings provide the basis for most external gammaradiation doses with adjustments to convert the originally recorded doses to organ doses, as well as to account for limitations in the ability of dosimeters to respond accurately to all radiation energies and to radiation coming from all directions. External dose was primarily from whole-body gamma radiation and in most cases was protracted over many years. MWDS-2008 external dose estimates are similar to MWDS-2005 external doses estimates (4), although some refinements have been made.
Methods for estimating internal doses from plutonium under MWDS-2008 are described by Khokhyrakov et al. 2 In short, mathematical models were developed for converting measurements of plutonium alpha activity in urine to annual doses to the lung (and other organs) taking account of workers' occupational histories, the physiochemical form of the plutonium aerosols, body mass and whether or not workers smoked. Although many workers were monitored through urinalysis in the early 1960s, a systematic urine monitoring program aimed at covering all workers with potential for plutonium exposure did not begin until about 1970. For this reason, plutonium dose estimates are available for only about 40% of workers in the radiochemical and plutonium plants. Improvements in MWDS-2008 compared with MWDS-2005, used in reference (1), include refinement of the model for plutonium biokinetics, in particular the plutonium distribution between lung tissue and pulmonary lymph nodes. An important change in MWDS-2008 compared with MWDS-2005 is that plutonium doses based on bioassay measurements were estimated for all subjects, whereas in MWDS-2005, autopsy data were used for 507 workers who had both autopsy and bioassay measurements. This change was made so that the dosimetry approach would be consistent for all workers. To investigate the impact of this change, alternative analyses were conducted using dose estimates based on autopsy data for these workers.
Statistical Methods
The analytic approach was similar to that used in previous analyses (1, 5) . Analyses were based on Poisson regression methods implemented with the AMFIT module of the software package EPICURE (6) . The follow-up period began 5 years after the date of first employment in an eligible plant and ended on the date of death, date lost to follow-up or December 31, 2008, whichever occurred first. Analyses were also based on cumulative dose received as of 5 years before the time at risk. Categories for lagged cumulative external and internal doses were a zero-dose category and 14 other categories with boundaries of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6 and 10 Gy. Person-years with potential for risk for previous plutonium exposure (defined by whether the person had worked in the radiochemical or plutonium plants 5 or more years prior to time of interest) were also classified according to plutonium monitoring status. Due to indications that some workers were monitored for plutonium as a result of suspected diseases, death rates could be artificially high in the first few years after initial monitoring. Thus, person-years were not classified as monitored until 2 years after the initial monitoring date.
Most analyses in this paper excluded unmonitored workers with potential for plutonium exposure, and also excluded person-years for monitored workers up to 2 years after the first monitoring occurred. In past analyses, the use of a categorical surrogate index of plutonium exposure allowed inclusion of unmonitored but potentially plutoniumexposed workers for the purpose of estimating the effects of external dose. Such workers have never contributed to the estimation of parameters of the plutonium dose-response except through the estimation of baseline risk parameters. Analyses including unmonitored workers and person-years by using the surrogate were conducted for the purpose of comparison with previous results, for estimating external dose effects, and for estimating the relative biological effectiveness (RBE) of plutonium dose relative to external dose.
Analyses were based on excess relative risk (ERR) models where the total age-specific risk or hazard is given by B 3 (1 þ ERR), where B is the baseline risk, B 3 ERR is the excess risk due to radiation, and ERR is the excess radiation risk expressed relative to the baseline. As in previous analyses (1), the logarithm of the baseline risk was expressed as a gender-specific linear-quadratic function of log (attained age), gender, birth cohort (4 categories with cut points of 1915, 1925 and 1935) , calendar period and gender-specific smoking status (nonsmoker, smoker, unknown smoking status). As in (5), we added a parameter that allowed differences in risk between main and auxiliary plant males since male auxiliary plant workers have been shown to have elevated baseline lung cancer risks. Auxiliary plant workers were not included in (1) .
The ERR for radiation exposure was expressed as a linear function of plutonium and external dose. That is, ERR ¼ ERR plu þ ERR ext .
Analyses focus on the effects of plutonium dose, with external dose included primarily to adjust for potential confounding from this variable. Previous analyses have shown that the evidence for a lung cancer dose response is much weaker for external dose than for internal dose. Although we explored modification of the external dose response by gender, age and smoking, we found no evidence for such modification and thus used the simple model ERR ext ¼ b ext d ext , where d ext denotes external dose in Gy, and b ext is the ERR per Gy for external dose.
The ERR for plutonium dose is expressed as follows:
where d plu denotes plutonium dose in Gy, g is gender, a is attained age in years, and b plu , c 1, and c 2 are parameters to be estimated; b plu is expressed as ERR per Gy. For some analyses, the linear function b plu d plu was replaced by other functions as described in the text. These included a categorical model in which b plu d plu was replaced by P k a k I k, where k indexes categories of plutonium dose, a k designates the excess relative risk for category k, and I k is equal to 1 if the observation is in category k and 0 otherwise. Unless stated otherwise, analyses were based on the model in Eq. (1) and included modification of the plutonium effect by attained age and gender as indicated above. Modification by other variables such as age at first plutonium exposure and smoking status was also explored. Estimates of the expected and excess cases were calculated, as described in ref. (3) .
In the above model, smoking is a part of the baseline risk and the relative risk for smoking multiplies the relative risks for radiation. With this model, referred to as a multiplicative model (with respect to radiation and smoking), the ERR for radiation is the same for smokers, nonsmokers and those with unknown smoking status. To investigate the validity of this assumption, we conducted analyses that were restricted to subjects with known smoking status, and fitted a model in which the total age-specific risk is given by the following:
where B0 is the baseline risk associated with factors other than smoking, s ¼ 1 for smokers and 0 for nonsmokers, h is the ERR for smokers relative to nonsmokers, b plu is the plutonium ERR for nonsmokers and b plu exp(u) is the plutonium ERR for smokers. With u ¼ 0, the relationship of plutonium and smoking is multiplicative. If u . 0, the plutonium ERR is larger for smokers than for nonsmokers, and the interaction is super-multiplicative whereas if u , 0, the interaction is sub-multiplicative. With this model, referred to as a generalized multiplicative model, both the plutonium and external dose ERRs for those with smoking status s are expressed relative to the baseline risk for those with the same smoking status. We also evaluated a generalized additive (with respect to radiation and smoking) relative risk model in which the total risk is given by:
With this model, the plutonium and external dose ERRs are expressed relative to the baseline risk for nonsmokers regardless of smoking status. If u ¼ 0, the relationship of plutonium and smoking is additive. If u . 0, the interaction is super-additive, whereas if u , 0, the interaction is sub-additive. Parameter estimates were computed with maximum likelihood methods. Hypothesis tests and confidence intervals were based on likelihood ratio tests and direct evaluation of the profile likelihood. Two-sided P values are used throughout and are referred to as significant if they are ,0.05.
RESULTS

Description of the Cohort
Most analyses in this paper are based on 14,621 workers who were followed for at least 5 years and for whom internal plutonium doses could be estimated (Table 1) . Analyses excluded 1,084 workers who were followed less than 5 years (no lung cancer deaths) and an additional 10,052 workers (355 lung cancer deaths) who worked in the radiochemical or plutonium plants but had not been monitored for plutonium (9,615 workers) or were first monitored within 2 years of the end of follow-up (437 workers). Among the 14,621 included workers, 6,867 workers (47%) had died by the end of follow-up, 194 (1.3%) were lost to follow-up before the end of 2003, and 1,719 (12%) had to be censored at the end of 2003 or later due to migration. There were 486 deaths from lung cancer, most of them (446) in males.
Of the 14,621 workers included in our analyses, 25% were female and nearly half (46%) were hired before 1959 (Table 2 ). About 96% of the 6,540 workers with positive plutonium doses based on bioassay monitoring had been employed in the radiochemical or plutonium plants. The mean plutonium dose among exposed workers was 0.12 Gy, with the highest doses in those exposed before 1954 (0.28 Gy) and those employed in the Plutonium-Main 1 plant (0.44 Gy). In this latter group, doses for females (0.88 Gy) were much higher than those for males (0.30 Gy). The mean external dose (among all 14,621 workers) was 0.40 Gy, with the highest doses in workers hired in the earlier years and in workers in the radiochemical plant. Smoking data, which were obtained from medical records, were available for 87% of males and 85% of females, 74% of the 9,545 males with smoking data reported smoking, whereas 3.5% of the 3,163 females with smoking data reported smoking. Three of these workers had plutonium doses that could not be estimated and are excluded from the count below.
c Worked in the radiochemical or plutonium plants and were not monitored for plutonium within two years of the end of follow-up.
d
Five hundred eighty-nine of these workers contributed person-years before entering the radiochemical or plutonium plants.
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Main Results
Results of analyses based on the model in Eq. (1) are shown in Table 3 . Risks for smokers were clearly elevated with higher relative risks for males than for females (10 and 5.7, respectively). Risks for those with unknown smoking status were more modestly elevated (5.7 for males and 1.9 for females). Significant dose-response relationships for plutonium were observed for both genders with the ERR per Gy for females (24 at age 60) estimated to be 3.3 times that for males (7.4 at age 60). The plutonium ERR per Gy decreased with attained age and with no indication that the parameter for attained age differed by gender (P . 0.5; details not shown). There was no evidence that the ERR depended on age at first plutonium exposure regardless of whether modification by attained age was allowed for (P . 0.5; details not shown). The estimated plutonium ERR per Gy for males without allowing for modification by attained age was 6.1 (95% CI: 4.1-8.7). The estimate when smoking was not included in the baseline risk was 7.4 (95% CI: 4.9-11), nearly identical to the smoking adjusted estimate shown in Table 3 . Using the multiplicative ERR model based on Eq.
(1) and with results shown in Table 3 it was estimated that 104.7 lung cancer deaths (21.5%) were attributable to plutonium exposure, while 29.2 deaths (6.0%) were attributable to external exposure. Table 4 shows results of analyses in which the ERR was allowed to depend on smoking status. With the generalized multiplicative model, the plutonium ERR for nonsmokers was significantly greater than that for smokers (P ¼ 0.011), suggesting a sub-multiplicative relationship. In this analysis, the plutonium ERR for nonsmokers was estimated to be 4.1 times that for smokers and the female/male ratio was estimated to be 1.0 (95% CI: 0.3-3.4). With the generalized additive model, the ERR for nonsmokers was about a quarter of that for smokers, clearly indicating that the interaction was greater than additive (P , 0.001). The generalized multiplicative and additive models resulted in very similar fits to the data.
Interaction of Plutonium and Smoking
The estimated excess deaths attributable to smoking and radiation based on the generalized additive model are shown in Table 5 . Results based on the generalized multiplicative model were similar. Overall, 68% of the deaths were attributable to smoking, 10% to plutonium exposure alone, 12% to smoking and plutonium in combination and 9% to factors other than plutonium exposure or smoking. These distributions differed markedly by gender. For example, 7% of the male lung cancer deaths were attributed to plutonium exposure alone compared to 57% in females. In contrast, 73% of male lung cancer deaths were attributed to smoking alone compared to 15% in females since few women smoked. With this model, there were no deaths attributed to external exposure, but other models such as the multiplicative model in Table 3 , Eq. (1), resulted in positive estimates, as noted above.
Shape of the Plutonium Dose-Response Function Figure 1 and Supplementary Table S1 (supplementary material: http://dx.doi.org/10.1667/RR3054.1.S1) show relative risks for each of several plutonium dose categories. The dose-response relationship is well described by a linear function, and a linear-quadratic function did not significantly improve the fit (P . 0.5). If the dose-response relationship was expressed as a power of plutonium dose (d plu a ), the estimated power (a) was 1.02 (95% CI: 0.84-1.23). Table 6 shows results of analyses in which the plutonium dose range is restricted. In these analyses, the gender and attained age parameters were fixed at the values obtained from the entire data set. Highly statistically significant dose-response relationships were found even when analyses were restricted to plutonium doses less than 0.2 Gy. Estimates of the ERR per Gy were similar regardless of the dose range restriction.
Modification of Plutonium Risks by Other Factors
In an analysis investigating doses received in different periods prior to the time at risk, the plutonium ERR per Gy was 4.0 (95% CI: ,0-17) for doses received 5-15 years ago, 13 (95% CI: 2.8-26) for doses received 15-25 years ago, and 5.2 (95% CI: 0.0-13) for doses received 25 or more years ago. These ERRs did not differ significantly (P . 0.5). We also conducted an analysis in which doses received 5-15, 15-25 and 25þ years ago were given This confidence interval differs slightly from that in Table 3 because of fixing the sex and attained age parameters.
LUNG CANCER IN MAYAK WORKERS
respective weights of 1.0, 0.46 and 0.21 as estimated in an analysis of French and Czech underground miners exposed to radon (7) . This resulted in a similar fit to the analysis noted above with separate estimates of risks for the three times since exposure periods (P ¼ 0.25). We also analyzed the effect of time since first exposure. There was no evidence of an effect with the model shown in Eq. (1) that included modification by attained age (P . 0.5; likelihood ratio statistic ¼ 0.02). However, if attained age was not included as a risk modifier (c 2 ¼ 0 in Eq. 1), a decrease in risk with time since first exposure was suggested (P ¼ 0.065). A model including time since first exposure (without attained age) fitted the data less well than one based on attained age.
Statistically significant plutonium dose-response relationships were found for workers first exposed to plutonium in each of the periods from 1948-1953, 1954-1958, 1959-1963 , but not for [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] or for the combined period from 1964-1982. There was no evidence that the ERR per Gy differed between the five periods (P ¼ 0.34).
Analyses Using Autopsy-Based Doses and Using the Full Cohort
As noted in the Dosimetry section, plutonium doses used in these analyses (MWDS-2008) were based on bioassay data and, unlike dose estimates used in previous analyses of the MWC, did not make use of autopsy data for workers who had such data. In addition, lung cancer analyses in earlier articles (1, 5) used plutonium surrogate categories for unmonitored (for plutonium) workers with potential for plutonium exposure instead of excluding these workers and person-years as in this article. To examine the impact of these changes and to facilitate comparison of current results to those reported previously, we conducted alternative analyses using autopsy doses when available and using the full cohort. Results are shown in Table 7 . Of the 507 workers in the study cohort with autopsy data, only 406 were monitored more than 2 years preceding death and contributed to the plutonium dose-response analyses.
Whether based on the full or restricted data, the use of autopsy-based doses slightly decreased the plutonium ERR per Gy estimates and strengthened the evidence for an external dose-response relationship, increasing the estimate based on the restricted data by 60% and changing it from a statistically nonsignificant (P ¼ 0.25) to a statistically significant dose response (P ¼ 0.026). Use of the full data set (keeping the dosimetry approach constant), slightly increased the estimates of the plutonium ERR for males and slightly decreased those for females. This change also slightly strengthened the effect of attained age on the plutonium ERR. Use of the full data set greatly increased the number of workers contributing to the external dose response and thus provided greater statistical power for investigating this relationship. Results based on the full data set indicated statistically significant dose-response relationships for external dose regardless of whether or not the autopsy data were used.
The full data set was used to estimate the RBE of plutonium relative to external c radiation. To do this it was necessary to assume that modification by gender and attained age was the same for the two exposures, assumptions that were supported by the data. Using this approach the RBE was estimated to be 45 (95% CI: 21-240).
To evaluate the impact of the change from doses used in earlier analyses and MWDS-2008 (other than the use of bioassay data for all workers), we conducted analyses that restricted follow-up to the end of 2003 and excluded auxiliary plant workers, comparable to the analyses in ref.
(1). The estimated plutonium ERRs per Gy using MWDS-08 with autopsy data were 7.1 (95% CI: 4.8-10) for males and 15.0 (95% CI: 7.2-29) for females, which were nearly identical to the corresponding estimates from (1): 7.1 (95% CI: 4.9-10) for males and 15.1 (95% CI: 7.6-29) for females.
Results of Parallel Analyses of Data on Mayak Workers and Japanese Atomic Bomb Survivors
To facilitate comparison of our results with lung cancer analyses based on the Life Span Study (LSS) of Japanese A- The original number was 507, but only 406 workers were monitored more than 2 years preceding death and otherwise qualified for the study cohort. The plutonium surrogate (Sokolnikov et al.) was used for subjects whose plutonium doses could not be estimated; these subjects contributed to estimating baseline and external dose parameters, but not to estimating plutonium dose-response parameters. 338 bomb survivors, we conducted analyses of both lung cancer mortality and incidence data from the LSS including only subjects exposed from age 15 to age 60, comparable to exposure ages in the Mayak worker cohort, using publicly available LSS data with dose estimates based on the DS02 dosimetry system: (http://www.rerf.jp/library/dl_e/lssinc07. html and http://www.rerf.jp/library/dl_e/ds02.html). Baseline risks were handled as in papers using these data (8) (9) . In contrast to Mayak data, the ERR for lung cancer did not show a statistically significant decline with attained age with the LSS data. However, a value of À1.8 for the attained age parameter was found to be compatible with all 3 data sets (P . 0.25 in each case). Using this value, the estimated ERR per Gy for males at age 60 was 7.0 (95% CI: 4.8-10) for plutonium exposure in Mayak workers, while the ERR per Gy estimates associated with acute c ray exposures were 0.36 (95% CI: 0.04-0.78) for the LSS mortality data and 0.34 (95% CI: 0.05-0.72) for the LSS incidence data. If the Mayak estimate is expressed per Sv with a weighting factor of 20 as recommended by the ICRP (10), it becomes 0.35 (95% CI: 0.24-0.50), very similar to the LSS-based estimates. However, given the large uncertainty of the LSS-based estimates, a wide range of weighting factors would also be consistent with these data. The ratios of female and male estimates were also similar: 3.2 (95% CI: 1.4-7.7) for Mayak, 3.5 (95% CI: 1.3-32) for the LSS mortality data, and 5.3 (95% CI: 2.2-38) for the LSS incidence data.
DISCUSSION
Compared to our previous analyses (1), this paper adds 5 years of follow-up (2004-2008) and data on auxiliary plant workers, increasing the number of lung cancers with plutonium dose estimates from 354 to 486. Our new estimates are also based on improved external and internal dosimetry. The estimated ERR per Gy of 7.4 (95% CI: 5.0-11) for males at attained age of 60 was about the same as the estimate of 7.1 (95% CI: 4.9-10) as reported earlier. The comparable estimate for females of 24 (95% CI: 11-57) was about 60% higher than our earlier estimate of 15 (95% CI: 7.6-29), a difference that can be largely attributed to the considerable statistical uncertainty in risk estimates for females, although other analytic changes also contribute (see Table 7 ). Our earlier finding that the lung cancer ERR per Gy declines with increasing attained age was confirmed. However, the earlier suggestion of a decline with increasing age at first plutonium exposure was not confirmed. Although many others have analyzed lung cancer risks in Mayak workers (5, (11) (12) (13) , these are the first to make use of the improved dose estimates (MWCDS-2008), and the first to include follow-up beyond 2003.
Unlike our earlier analyses, this paper evaluates modification of risk by smoking, an important issue in quantifying risks of radiation-related lung cancer. Our findings strongly indicate that the combined effects of plutonium dose and smoking are more than additive (P , 0.001) and also provide evidence that they are less than multiplicative (P ¼ 0.011). These findings were also noted in analyses based on a two-stage clonal expansion model using data on a subset of the Mayak workers evaluated here (11) . Based on a generalized multiplicative model, we estimated that the ERR per Gy for nonsmokers was about 4 times that for smokers, a little higher than the estimated ratio of about 3 in radon-exposed underground miners (14) . When the plutonium ERR per Gy was allowed to depend on smoking, the ratio of female and male plutonium estimates was reduced from 3.3 (95% CI: 1.4-9.9) to 1.0 (0.3-3.4).
Because plutonium dose estimates make use of smoking information, dosimetry uncertainties could have affected our smoking results. Given the same occupational history and bioassay results, the estimated plutonium dose will usually be lower for a smoker than for a nonsmoker. If the smoking correction used in estimating plutonium doses was not large enough, doses for smokers would be overestimated relative to doses for nonsmokers leading to underestimation of risks per unit of dose for smokers relative to risks per unit of dose for nonsmokers. Therefore, the ratio of risk estimates per unit of dose for nonsmokers and smokers would be overestimated. The reverse would be true if the smoking correction were too large. Thus our results should be treated with caution.
Investigation of the combined effects of radiation and smoking in A-bomb survivors (15) indicated a supermultiplicative relationship for light/moderate smokers, and an additive or sub-additive relationship for heavy smokers (1þ packs per day). A weakness of our study is that the MWC smoking data did not include information on smoking rate or duration making it difficult to compare results from the two studies. A factor that might lead to differences in findings for Mayak workers and A-bomb survivors is that, unlike the acutely exposed LSS subjects, Mayak workers would often have many years of simultaneous exposure to both radiation and smoking.
In our previous article (1), we reviewed findings from other plutonium-exposed cohorts including workers at the Sellafield facility in the United Kingdom (16) , and at Los Alamos (17, 18) and Rocky Flats in the U.S. (19) . Plutonium doses in these studies were much lower than those of members of the MWC, and none of these studies provided clear evidence of an increase in lung cancer risk with increasing plutonium dose likely due to low statistical power.
Estimates of the ERR per Gy for external gamma dose have wide confidence intervals and depend on the analytic approach (Tables 3, 4, 7) . This is especially true for estimates that are based only on subjects and person-years with plutonium dose estimates. Thus, it seems preferable to base such estimates on the full cohort using the plutonium surrogate to adjust for plutonium exposure in subjects with unknown plutonium doses. Both smoking and plutonium LUNG CANCER IN MAYAK WORKERS have strong effects on lung cancer risks, and data limitations may not have allowed adequate adjustment for these exposures. Due to the uncertainty in estimating risks from external doses, estimates of the RBE are also very uncertain.
Our estimates of risk for plutonium exposure are subject to limitations related to lack of detailed smoking information, lack of data on other lifestyle factors that might affect lung cancer risks, and reliance on death certificates as a source of information on death from lung cancer. As in any epidemiologic study, these limitations could potentially bias our findings. However, as discussed in detail in ref. (1), we have no reason to believe that any of these factors have seriously biased our results. In particular, we note that the plutonium ERR per Gy was not greatly modified in an analysis that did not control for smoking, suggesting that smoking is not a strong confounder in this study.
A particularly important limitation of our lung cancer risk estimates relates to intrinsic difficulties in estimating doses from plutonium exposure. Despite extensive efforts by Russian and non-Russian dosimetrists, these doses are subject to many uncertainties including especially those resulting from imprecision in the urine measurements. Only 33% of the 6,540 workers with estimates of positive plutonium doses had more than two measurements, although this percentage was higher (51%) for workers with estimated plutonium doses exceeding 0.2 Gy. For most workers, these measurements were taken many years after the exposure occurred, since routine plutonium monitoring did not begin until about 1970. Such measurement errors, often referred to as classical errors, are known to bias the dose-response coefficient toward zero and might also distort the shape of the dose response.
An uncertainty in estimating smaller plutonium doses is that the minimum detectable plutonium activity in urine (MDA) was relatively large, especially for measurements taken before 1970 (20) . The effect of this on our results is not clear. However, since large doses are much more influential in our analyses than smaller ones, this problem may not have been as important as other sources of uncertainty.
Estimating lung doses requires knowledge of the transportability (solubility) of the inhaled plutonium, which determines how rapidly the plutonium clears the lung and moves to other organs. Information on transportability is inferred from occupational histories and from data on the chemical and physical forms of the airborne plutonium in various workplaces and time periods. Limitations in occupational histories are yet another source of uncertainty, particularly for workers who were exposed in several different workplaces.
Additional sources of uncertainty in plutonium dose estimates are uncertainties in the biokinetic models and parameter values used to estimate deposition and clearance in organs of the body and the fact that models can only approximate the behavior of plutonium in a given individual. Although dose estimates take account of smoking status, they could not take account of smoking rate or duration. Also, smoking data were not available for all workers, which particularly limits our ability to examine the nature of the joint effects of smoking and radiation exposure.
As noted above, uncertainties in the bioassay measurements could easily lead to serious underestimation of plutonium risk coefficients. The effects of other uncertainties are more difficult to predict but could include bias in overall risk coefficients, distortion of the shape of the dose response, and bias in evaluating the modifying effects of factors such as attained age and smoking. It is hoped that in the future these measurement errors will be quantified in a way that allows them to be taken into account in doseresponse analyses.
Earlier Mayak dosimetry systems used autopsy data instead of bioassay data for the 406 workers included in our analyses with both types of data. This has the advantage that individual measurement errors for autopsy-based doses are likely to be much smaller than for bioassay-based doses. However, autopsy data are never available for workers who remain alive, and workers with positive plutonium doses dying from lung cancer are more likely to have autopsy data (31%) than are comparable workers dying from other causes (12%). Thus, any bias in the use of autopsy data compared with bioassay data could lead to bias in estimating the parameters of the lung cancer dose-response function, and this is the reason that the MWDS-2008 doses used in our analyses were based entirely on bioassay data. It is reassuring that results of dose-response analyses that made use of autopsy data were similar to those based entirely on bioassay data. However, among the 406 workers with autopsy data who contributed to the plutonium doseresponse analyses, the correlation coefficient for the autopsy and bioassay doses was only 0.58. Large classical measurement errors for the bioassay measurements likely contributed strongly to this low correlation coefficient.
The MWC provides the only human data that are adequate for estimating lung cancer risks from plutonium exposure. However, using these data to estimate risks from plutonium exposures at low doses (,0.1 Gy) and in other populations presents challenges. A linear dose response describes these data extremely well, as evidenced by visual inspection of the plotted categorical relative risks (Fig. 1) , the tight confidence interval on the power of dose (0.86-1.24), and the very similar estimates of the ERR per Gy obtained when restricting the dose range (Table 5) . Ninetyeight percent (98%) of the plutonium-exposed person-years had doses that were less than 1 Gy and 91% had doses that were less than 0.2 Gy. Thus, no extrapolation is required for estimating risks in the 0.2-1 Gy. Estimating risks at doses lower than 0.2 Gy is uncertain, but these data as well as data on other a emitters such as radon (14, 21) support the use of linear extrapolation.
In contrast to other radiation worker cohorts (16-19) , a substantial number of females in the MWC were exposed to 340 plutonium. Nevertheless, the number of lung cancers in females (40) was small. Thus, the MWC provides only limited data on lung cancer risks in females and no data on exposure in childhood. Even for estimating risks from adult male exposure, there are uncertainties in transporting risks to other populations. Our data along with data from other radiation-exposed cohorts, suggest that smoking may be an important modifier of radiation-related lung cancer risks. It is therefore desirable to account for smoking in estimating risks in other populations that may have smoking habits that differ from those of Mayak workers. If this is not feasible, relative risk transport may be preferable to absolute risk transport given the strong evidence against additivity of smoking and plutonium effects.
It is desirable to consider alternative approaches for estimating risks from plutonium. One such approach is to apply an RBE derived from experimental data to lung cancer risk estimates that are derived from the LSS cohort. Our comparisons of Mayak-based ERR estimates with those from the LSS cohort support use of an RBE of 20 for this purpose, and estimates of parameters quantifying modification of risk by gender and attained age were found to be reasonably compatible. However, in an earlier analysis (5), excess absolute risks for lung cancer mortality were found to increase much more sharply with attained age in the LSS cohort than in the MWC. With an RBE of 20, the EAR for Mayak workers for attained ages under 55 was significantly larger than the comparable EAR based on the LSS mortality data. Repeating these analyses using the current data and both LSS incidence and mortality data confirmed these findings (data not shown).
The models developed in this paper can be compared with those developed from underground miners who, like Mayak workers, received protracted exposure to a-particle emitters. Both analyses of data from the MWC and of data from 11 cohorts of underground miners (14, 21) indicate declines in the ERR with attained age and sub-multiplicative interactions of radiation and smoking. In addition, data from the 11 cohorts and more recent data on French and Czech uranium miners (7) indicate a decline in the ERR with time since exposure. Although we did not find a statistically significant decline with time since exposure in the MWC (perhaps because of uncertainty in estimating the pattern of internal lung dose accumulation in individual workers), our data were compatible with the decline estimated in the French and Czech cohorts. In addition, a decline in the ERR with time since first exposure was suggested in the MWC when attained age was not included as a modifier [the analyses in ref. (7) did not evaluate attained age as a modifier]. A decline in risk with age at first exposure was identified in analyses of the French/Czech data, but was not found in the MWC or in the 11 miner cohorts.
The MWC provides the only direct human data for estimating lung cancer risks from plutonium exposure with reasonable precision. In this study, we have developed models based on improved dosimetry for accomplishing this task. Estimates based on the MWC are most appropriate for male smokers. Given the limitations of the MWC, data from other cohorts such as the LSS cohort and cohorts of radonexposed underground miners also need to be considered in plutonium risk assessment.
